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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Alooideae is a subfamily of Asphodelaceae Juss. (Asparagales Bromhead) comprising 
succulent monocots. The Alooideae is common throughout tropical and southern Africa 
where they can often form the dominant vegetation (Chase et al., 2000). Morphologically the 
Alooideae are difficult to distinguish as a monophyletic lineage. Most Alooideae have a 
distichous or rosette arrangement of succulent, non-fibrous, spiny-margined leaves with some 
taxa displaying anomalous secondary growth (Judd, 1997; Smith and Van Wyk, 1998). 
Floral morphology within Alooideae is slightly more conserved than vegetative morphology 
(Smith and Van Wyk, 1991). All Alooideae possess tubular flowers, many exhibiting a trend 
towards zygomorphic symmetry with some taxa demonstrating regular floral symmetry (Parr, 
1971; Smith and Van Wyk, 1991). Perhaps the most consistent synapomorphy for the 
Alooideae is the presence of a highly conserved and distinctive x = 7 haploid bimodal 
karyotype consisting of three long acrocentric, one long submetacentric, and three short 
acrocentric chromosomes (Riley and Majumdar, 1979). 
Alooideae consists of six (or seven) genera (Rowley, 1996; Smith and Van Wyk, 
1998): Aloe L. (including Lomatophyllum Willd.), Astroloba Uitewaal, Chortolirion A. 
Berger, Gaste~ia Duval, Haworthia Duval, and Poellnitzia Uitewaal. Until recently, the 
phylogenetic patterns among and within the Alooideae genera were relatively unstudied and 
unknown. The monophyly of Alooideae has been supported based on morphology (Rowley, 
1967a; Smith and Van Wyk, 1991) and DNA sequence data (Chase et al., 2000). However, 
the results of those higher-level investigations poorly resolved intergeneric comparison 
among Alooideae due to biased taxon sampling across Alooideae genera. A depauperate 
number of phylogenetic investigations have been undertaken at the infrageneric level; Aloe, 
Adams et al., 2000; Gaste~ia, Van Jaarsveld et al., 1994; Haworthia (including Astroloba, 
Cho~tolirion, and Poellnitzia; Hayashi, 1999, 2002). The lower-level investigations were too 
narrow in sampling and therefore did not allow broad comparisons to be made among genera 
and subgeneric groups. 
Currently, a gap exists in our knowledge of Alooideae phylogenetics. The 
monophyly of the subfamily (Smith and Van Wyk, 1991; Chase et al., 2000) and a few 
2 
genera (Van Jaarsveld et al., 1994; Adams et al., 2000) are strongly supported yet the 
relationships within and between the remaining members of Alooideae are ambiguous. The 
goal of this thesis was to fill the gap in the current knowledge of Alooideae phylogenetics by 
elucidating the inter- and infrageneric evolutionary patterns of Alooideae utilizing the 
cpDNA sequence markers ndhF and trnL-F. Forty-seven taxa (43 ingroup and four outgroup 
taxa) were sampled representing all genera and most subgeneric taxonomic groups. I was 
able to utilize four previously published trnL-F sequences (Chase et al., 2000) for analysis of 
cpDNA sequence data under both parsimony and Bayesian phylogenetic reconstruction 
methods. 
Thesis organization 
This thesis is organized following the journal paper format. Foremost is a 
comprehensive literature review establishing the current classification, circumscription, 
distribution, and phylogenetic hypotheses of Alooideae evolution. Following the literature 
review, the third chapter consists of a manuscript formatted for submission to a peer-
reviewed journal. The manuscript contains an abstract, general introduction, description of 
the materials and methods, a results section, the discussion, and the literature cited followed 
by the tables and figures. The first author of the manuscript is the graduate student and was 
the primary researcher and author while the second and third authors are associate professors 
at their respective universities who oversaw and advised the research. The thesis ends with a 
general conclusions chapter summarizing the results of the thesis research and discussing the 
implications of the research project. Within the general conclusions chapter a comprehensive 
list of references is found containing all cited literature from the entire thesis. This reference 
list differs from the literature cited section of chapter three which contains only the cited 
literature for that chapter. 
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CHAPTER Z. REVIEW OF ALOOIDEAE TAXONOMY AND PHYLOGENETICS 
Circumscription of Alooideae 
Asphodelaceae Juss. is a monophyletic family (Dahlgren et al., 1985; Duvall et al., 
1993; Chase et al., 1995; Smith and Van Wyk, 1998; Chase et al., 2000) of the order 
Asparagales Bromhead which Dahlgren et al. (1985) divided into two subfamilies: 
Asphodeloideae and Alooideae Link. The family contains about 780 species in 15 genera 
(depending upon the authority) with the main center of distribution in southern Africa (Smith 
and Van Wyk, 1998). 
The subfamily Alooideae, as currently circumscribed, has been formally recognized 
as a monophyletic entity at various ranks for over 150 years (Link, 1829): subtribe Aloinaet 
Link (Liliaceae); tribe Aloineaet Baker (sensu Hutchinson, 1959; Liliaceae). In addition, 
Kniphofia Moench (Asphodeloideae) was included by both Cronquist (1981) and Endlicher 
(1836) in their recognition of the family Aloaceae Batsch and the tribe Aloineae (Liliaceae) 
respectively. Recently, Chase et al. (2000) further demonstrated the monophyly of both 
Asphodelaceae and Alooideae utilizing plastid rbcL and trnL-F DNA sequence data. 
Traditionally, the Alooideae is divided into seven genera (Dahlgren et al., 1985; Smith and 
Van Wyk, 1998): Aloe L., Astroloba Uitewaal, Chortolirion A. Berger, Gasteria Duval, 
Haworthia Duval, Lomatophyllum Willd. (here considered part of Aloe, see below), and 
Poellnitzia Uitewaal. 
Characters of Alooideae 
Morphologically the Alooideae are difficult to distinguish as a monophyletic lineage. 
Most Alooideae have a distichous or rosette arrangement of succulent, non-fibrous spiny 
margined leaves with some taxa displaying secondary growth (Judd, 1997; Smith and Van 
Wyk, 1998). However, succulent leaves and anomalous secondary growth are lacking in 
certain Alooideae while some members of Asphodeloideae are succulent leaved (Dahlgren et 
al., 1995; Smith and Van Wyk, 1998). In Alooideae and Bulbine Wolf (Asphodeloideae) the 
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arrangement of the vascular bundles in a ring around the central ground parenchyma appears 
to be synapomorphic (Dahlgren et al., 1985; Baijnath and Cutler, 1993). Phytochemically 
the Alooideae share the presence of anthrone-C-glycosides in the leaves and 1-methyl-8-
hydroxyanthraquinones in the roots (Smith and Van Wyk, 1991). 
Most Alooideae have an inner bundle sheath made up of parenchymatous cells, 
termed "aloin" cells (Beaumont et al., 1985), at the phloem poles with a few Alooideae 
possessing sclerenchymatous inner bundle sheath cells (Beaumont et al., 1985). It has been 
proposed that the presence of these parenchymatous inner bundle sheath cells represent an 
anatomical synapomorphy for Alooideae (Dahlgren et al., 1995; Judd, 1997; Chase et al., 
2000). However others regard this character to be synapomorphic for the entire 
Asphodelaceae (Beaumont et al., 1985; Smith and Van Wyk, 1998) based on the presence of 
parenchymatous inner bundle sheath cells in most Asphodeloideae (Beaumont et al., 1985). 
Floral morphology within Alooideae is slightly more conserved than vegetative 
morphology (Smith and Van Wyk, 1991). Nearly all Alooideae possess tubular flowers, 
many exhibiting a trend towards zygomorphic symmetry with some members of Aloe, 
Haworthia subg. Robustipeduncula~es Uitewaal ex M. B. Bayer, and all of Astroloba and 
Poellnitzia displaying actinomorphy (Parr, 1971; Smith and Van Wyk, 1991). Conversely, 
zygomorphic flowers and tubular perianths are found in only a few members of 
Asphodeloideae (Smith and Van Wyk, 1998). 
Perhaps the most consistent synapomorphy for the Alooideae is the presence of a 
highly conserved and distinct x = 7 haploid bimodal karyotype consisting of three long 
acrocentric, one long submetacentric, and three short acrocentric chromosomes shared by all 
members of Alooideae (Riley and Majumdar, 1979). Although many Asphodeloideae 
(Bulbinella Kunth, E~eyrcu~us M. Bieb., Trachyandr~a Kunth, Asphodelus L., Asphodeline 
Rchb. and some Bulbine Wolf) include species with a x = 7 karyotype, none possess a 
similarly bimodal karyotype (Riley and Majumdar, 1979). 
~ As noted by Judd (1997), the proper spelling for the subtribe Aloinae and tribe Aloineae are Aloae and Aloeae 
respectively. To maintain consistency and ease of comparison with the older literature we will continue to use 
the widely accepted, although technically incorrect names Aloinae and Aloineae. 
Distribution of Alooideae 
The largest and most widespread genus is Aloe, which occurs over much of sub-
Saharan Africa (Smith and Van Wyk, 1991). Aloe ranges from southern Arabia and Socotra 
westward to the Atlantic coast and southward to the tip of South Africa, including 
Madagascar (Reynolds, 1966, 1969). Throughout its distribution Aloe has diversified into a 
wide variety of habitat types and ecological conditions ranging from deserts to grasslands 
and savannas to coastal forests (Smith and Van Wyk, 1991). SectionLomatophyllum 
Rowley (Rowley, 1996), the berried aloes, has a distribution restricted to Madagascar and a 
few small Mascarene islands (Smith and Van Wyk, 1991). 
Astroloba, Gasteria, and Haworthia all have similar distribution patterns restricted to 
the southern African subcontinent (Smith and Van Wyk, 1991). Haworthia is the largest of 
these genera with 61 species (Bayer, 1999) and occurs almost exclusively in South Africa 
with a few outlying populations in Lesotho, Swaziland, and southern Namibia (Smith and 
Van Wyk, 1991). The highest concentrations of Haworthia are found in the fynbos and 
Karoo biomes of southwest southern Africa although species may also be found in the 
savannas and grasslands (Scott, 1985). 
Gasteria has a similar but more restricted distribution than Haworthia (Van Jaarsveld, 
1994). The majority of Gasteria species are found along the coastal and near-coastal areas of 
southern Africa with a few species ranging into the grassland and savanna biomes (Smith and 
Van Wyk, 1991). Only two species have distributions ranging outside of South Africa, one 
extending into Swaziland and the other into extreme southwest Namibia (Van Jaarsveld, 
1994). The genus Astroloba (Meyer and Smith, 2001) is restricted to south central South 
Africa where it occurs exclusively in the fynbos and Karoo biomes (Smith and Van Wyk, 
1991). 
Both Poellnitzia and Chortolirion are monotypic genera of Alooideae but each has a 
drastically different distribution (Smith and Van Wyk, 1991). Poellnitzia has an extremely 
endemic distribution in South Africa where it is only found in the fynbos of central Western 
Cape province (Smith and Van Wyk, 1991). Chortolirion, however, is widely distributed 
and commonly found in the grassland and savanna biomes of central southern Africa (Smith 
and Van Wyk, 1991). 
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Circumscription and infrageneric classification of the Alooideae genera 
Aloe —Aloe is by far the most speciose genus within Asphodelaceae (Smith and Van 
Wyk, 1998). In the most recent compilation, Newton (2001) listed 446 recognized species of 
Aloe. The first comprehensive infrageneric classification of Aloe was produced by Berger 
(1908) in A. Engler's Das Pflanzenreich. Berger (1908) recognized 181 species comprising 
eight sections with section Eualoe Berger subdivided into five subsections containing a total 
of 26 series. It appears that Berger's (1908) classification was an attempt to organize Aloe 
into "natural" groups. However, Berger (1908) believed Aloe to be polyphyletic and many of 
his infrageneric groupings may indeed be artificial. 
About 50 years later, G. W. Reynolds (1966, 1969) produced the second major 
infrageneric classification of Aloe where he recognized 324 species. In The Aloes of South 
Africa Reynolds (1969) followed Berger (1908) in most of the sectional groupings. Reynolds 
(1969) recognized 10 sections with Eualoe remaining as subdivided into Berger's (1908) five 
subsections. Two new sections were created by Reynolds (1969), Graminialoe Reynolds and 
Anguialoe Reynolds, the former representing a subset of taxa previously placed in section 
Leptoaloe Berger and the latter representing species described after 1908 (with the exception 
of Aloe castanea Schonland). Reynolds (1969) added three additional series of Eualoe to 
account for newly described species. 
Contrary to Berger (1908), Reynolds (1966, 1969) avoided classifying Aloe with 
regard to putative evolutionary relationships. Instead, Reynolds claimed that his system, 
although based on Berger's (1908) infrageneric groupings, should be thought of as purely 
utilitarian. In The Aloes of Tropical Africa and Madagascar (1966) Reynolds avoided 
proposing formal infrageneric associations and merely divides Aloe into "Groups" and 
separated the tropical African members from the Madagascan. However, a few of the 
tropical African groups share the same name as sections recognized in The Aloes of South 
Africa (Reynolds, 1969) suggesting a clear affinity between some "Groups" and sections. 
Reynolds (1966, 1969) acknowledged the significant variation within Aloe and 
recognized a more broadly defined genus that included eight smaller alooid genera which 
other authors (Willdenow, 1811; Berger, 1908; Heath, 1993, 1994) had elevated from within 
Aloe. However, one genus that Reynolds did not synonymize with Aloe was Lomatophyllum. 
Reynolds (1966) subscribed to the separation of the 12 species of Lomatophyllum from Aloe 
based predominantly on the presence of a unique semi-dehiscent berry. However, other 
authors (Rowley, 1996; Newton and Rowley, 1998) have chosen to synonymize 
Lomatophyllum based on the opinion that recognizing a separate genus based exclusively on 
fruit type without any further supporting characters would be inappropriate given the degree 
of morphological variation within Aloe. I will follow the concept of Rowley (1996) and 
Newton and Rowley (1998) and include Lomatophyllum as a synonym of Aloe. 
The first attempt at generating a molecular phylogeny of Aloe was performed by 
Adams et al. (2000). The authors produced a phylogeny of 28 species of Aloe using ITS 
(ITS1, 5.8S, and ITS2) ribosomal DNA (rDNA) sequence data. Overall, little resolution 
within Aloe was recovered from the rDNA data set. Only four Glades exhibited bootstrap 
support values at 90% or above. Interestingly, one of the strongly supported Glades included 
the morphologically similar Aloe tenuior Haw. and Aloe ciliaris Haw., both of which are in 
series Macrifoliae Haw., as sister species. This may indicate that the rDNA was faithfully 
tracking the organismal phylogeny. Alternatively, the phylogeny may indicate the molecular 
evolution of the rDNA independently of speciation. The various ploidy levels found in wild 
Aloe ciliaris populations (Brandham and Carter, 1990) maybe conceived as evidence 
supporting the latter scenario (Alvarez and Wendel, in press). In the Adams et al. (2000) 
investigation the Aloe ciliaris specimen examined was a hexaploid. Polyploidization can 
engender problems with determining orthology and parology thereby decreasing the accuracy 
of subsequent phylogenetic reconstruction (Page and Holmes, 1998). 
Other well-supported Glades included aloes not considered to be closely related based 
on morphological characters. Aloe acutissima H. Perrier and Aloe bakeri S. Elliot, both from 
Madagascar, were sister species based on rDNA but were not placed in the same "Group" by 
Reynolds (1966). Furthermore, a third Madagascan species, Aloe bulbillifera H. Perrier was 
strongly supported as sister to a Kenyan species suggesting multiple origins for the 
Madagascan aloes. The last well-supported Glade was a heterogeneous assemblage of eight 
tropical African species. Relationships within this larger Glade were poorly resolved and 
support was lacking for any particular pattern. 
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Haworthia — Haworthia differs primarily from Aloe and the other Alooideae genera 
by the possession of small, bilabiate flowers (Bayer, 1999). Haworthia also differs to a 
degree in other vegetative characters but significant overlap with other Alooideae does occur 
making generalized distinctions tenuous. The infrageneric classification and circumscription 
of Haworthia has been an area of longstanding and often disputatious debate (Smith, 1948), 
especially concerning species level discussion. Over 600 names have been published for taxa 
of species rank and below (Breuer and Metzing, 1997). The most recent monograph (Bayer, 
1999) recognized 61 species (containing 105 subspecific taxa) in three subgenera. Unless 
otherwise noted, the nomenclatural system of Bayer (1999) will be followed throughout this 
thesis. 
Shortly after Duval (1809) segregated Haworthia from Aloe, other workers (Haworth, 
1812, 1819, 1821; Salm-Dyck, 1836; Baker, 1880) were defining sections within the new 
genus. This early taxonomic exploration culminated in 1908 with Berger's monograph 
Liliaceae - Asphodeloideae - Aloineae in Engler's Das Pflanzenreich. Berger (1908) 
recognized 18 sections, many of which are still recognized today, and 60 species. Over time 
other authors expanded upon Berger's sectional classification (Von Poellnitz, 193 8; Barker, 
1942; Uitewaal, 1947a; Pilbeam, 1983; Rowley, 1985; Scott, 1985; Breuer, 1998; 
Esterhuizen, 2002). All of the purely sectional classification systems (Berger, 1908; Von 
Poellnitz, 1938; Barker, 1942; Scott, 1985) relied heavily on vegetative morphology to group 
taxa according to overall similarity. Unfortunately this resulted in significant incongruence 
among classification systems (Bayer, 1999). 
One of the most significant events in the infrageneric classification of Haworthia was 
Bayer's (1971) recognition of subgenera based on floral characters from Uitewaal's (1947a) 
sectional classification. Bayer (1971) subdivided Haworthia into three subgenera based on 
perianth shape, attachment of the perianth to the pedicel, and style shape: H. subg. 
Haworthia, H. subg. Hexangulares Uitewaal ex M. B. Bayer, and H. subg. 
Robustipedunculares Uitewaal ex M. B. Bayer. In Bayer's monograph (1999) he assigned 41 
species to H. subg. Haworthia, 15 species to H. subg. Hexangulares, and four species to H. 
subg. Robustipedunculares. Furthermore, Bayer (1999) adamantly supported the idea of a 
monophyletic Haworthia and stated (p. 19), ". . .the attempt to relegate Astroloba, Poellnitzia 
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and Chortolirion to Haworthia appears to have failed, so that good sense can be said to be 
prevailing." 
With the recognition of subgenera, the assignment of sections and subsections/series 
has remained somewhat more stable (Pilbeam, 1983; Rowley, 1985; Breuer, 1998; 
Esterhuizen, 2002). Minimally, Bayer's (1971) subgenera enabled a refined assessment of 
variable vegetative morphology by focusing comparisons on taxa sharing conserved floral 
characters (Breuer, 1998). Unfortunately, the subgeneric concept for Haworthia proposed by 
Bayer (1971) was not based on evolutionary relationships among taxa. Indeed, the subgenera 
were proposed as a purely artificial system intended to aid in identification and nomenclature 
(Bayer, 1971, 1999). 
Further development of the infrageneric classification concerning Haworthia was the 
subgeneric system of Hayashi (1999, 2002). Similar to Bayer (1999), Hayashi (1999) 
recognized three subgenera but followed a slightly different circumscription, nomenclature, 
and derivation. Unlike Bayer, Hayashi's (1999) classification was based on putative 
evolutionary relationships and delimited subgenera with a combination of floral and 
vegetative characters. Furthermore, Hayashi (1999, 2002) realized the potential paraphyly of 
Haworthia and adjusted his circumscription accordingly. 
Hayashi (1999, 2002) proposed a new subgenus, Longifolia Hayashi, which contained 
four taxa from Bayer's (1971) H. subg. Haworthia (Haworthia blackburniae Barker var. 
blackburniae, H. blackburniae var. derustensis M. B. Bayer, H. blackburniae var. 
graminifolia (G. G. Sm.) M. B. Bayer, and Haworthia wittebergensis Barker) and the 
monotypic Chortolirion. Haworthia subg. Oligonodes Hayashi was Hayashi's (1999) second 
new subgenus synthesized by combining Bayer's (1971) H. subg. Hexangulares and H. subg. 
Robustipedunculares with the genera Astroloba and Poellnitzia. The remainder of 
Haworthia was placed in the type subgenus which was similar to Bayer's (1971) H. subg. 
Haworthia except for the removal of the taxa from H. subg. Longifolia. 
Gasteria — Gasteria has long been considered awell-defined, monophyletic genus 
(Berger, 1908; Smith and Van Wyk, 1991; Van Jaarsveld, 1994) as primarily recognized by 
recurved, pendulous pedicels and gasteriform, curved perianths (Van Jaarsveld, 1994). 
However, until recently, the infrageneric relationships have been poorly understood with 
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most studies describing the more than 100 names (Van Jaarsveld, 1994) that had been 
proposed at the specific and subspecific levels within Gasteria. The first major work on the 
genus was that of Berger (1908) who recognized six sections (with two sections subdivided 
into two series each) containing a total of 43 species and numerous varieties. Berger's (1908) 
work was considered important from the view that he reduced the number of superfluous 
names in existence prior to his treatment. 
Within the past decade, Van Jaarsveld et al. (1994) generated the first phylogenetic 
classification of Gasteria (and actually the first phylogenetic classification within Alooideae) 
employing a suite of morphological characters. Van Jaarsveld et al. (1994) utilized a 
combination of 21 morphological characters (12 vegetative and nine floral) in a cladistic 
analysis of Gasteria and, indeed, recovered a monophyletic Gasteria (although outgroup 
comparison may be a concern). Furthermore, the species of Gasteria formed two 
monophyletic sister groups that were designated taxonomically as the sections Gasteria and 
Longiflorae Haw. Each section was then subdivided into two monophyletic series each: 
series Namaquana Van Jaarsv. and series Gasteria within section Gasteria, and series 
Multifariae (Haw.) Van Jaarsv. and series Longiflorae for section Longiflorae (Van Jaarsveld 
et al., 1994). In a subsequent monograph based partially on the results of Van Jaarsveld et al. 
(1994), Van Jaarsveld (1994) further reduced the total number of Gasteria species to 16. 
Since the monograph, two additional species have been identified (Van Jaarsveld, 2001; Van 
Jaarsveld and Van Wyk, 2001) bringing the total to 18 species. 
Astroloba — Astroloba is very similar to H. subg. Hexangulares in its caulescent 
habit and H. subg. Robustipedunculares in its regular flowers (Parr, 1971). The major 
distinctions defining Astroloba are the rigid and pungent leaves arranged in rows of five 
(Parr, 1971). Of all of the polytypic Alooideae genera, Astroloba is probably the least 
researched and considerable confusion surrounds the small genus. Astroloba was originally 
segregated from Aloe by Willdenow in 1811 under the name Apicra Willd. However, 
Willdenow's (1811) concept ofApicra encompassed both Haworthia and Astroloba as then 
circumscribed, thereby resulting in an illegitimate renaming of Duval's (1809) Haworthia. 
Haworth (1819) subsequently resurrected Apicra Haw. sensu stricto to refer to the taxa 
presently considered withinAstroloba. Haworth's (1819) resurrection created a later 
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homonym of an illegitimate taxon (Meyer and Smith, 1998). Based on the illegitimacy and 
taxonomic difficulties generated by Haworth's (1819) use of Apicra, Uitewaal (1947b) chose 
to reject Apicra Willd. and Apicra Haw. and instead proposed a new genus Astroloba. 
Currently Meyer and Smith (2001) recognize six species ofAstroloba but as many as 20 
species have been proposed (Meyer and Smith, 2001). 
A discussion of the infrageneric classification of Astroloba can not be accomplished 
without discussing its association with Haworthia. Early on, a close relationship between 
Astroloba and Haworthia had been hypothesized (Willdenow, 1811; Haworth, 1819; Berger, 
1908). Prior to Haworth's (1819) recognition of Apicra, Haworth (1812) recognized 
Willdenow's (1811) Apicra as species of Haworthia. With the recognition ofAstroloba 
(Uitewaal, 1947) little attempt had been made to organize the genus into subgeneric groups 
although a number of authors (Parr, 1971; Obermeyer, 1973; Hayashi, 1999, 2002) have 
supported a movement to subsume Astroloba into the genus Haworthia. Both Astroloba and 
H. subg. Robustipedunculares share regular perianth symmetry (or at least an absence of a 
bilabiate perianth), an abrupt perianth attachment to the pedicel, and a straight style (Parr, 
1971; Hayashi, 1999, 2002). Parr (1971) erected a new section withinHaworthia, section 
Quinquefariae Parr, to include all members of Astroloba and the monotypic Poellnitzia 
(although no serious justification was given for the inclusion of the latter taxon in H. sect. 
Quinquefariae). 
Poellnitzia — Poellnitzia is one of the two monotypic genera of Alooideae. 
Poellnitzia rubriflora (L. Bolus) Uitewaal resembles Astroloba in leaf form and arrangement 
but has a red perianth (as opposed to white in Astroloba) with connivent ri ps (Manning and 
Smith, 2000). Poellnitzia rubriflora was originally described as Apicra rubriflora L. Bolus 
but has been variously synonymized with Haworthia (Parr, 1971), Aloe (Rowley 1981), and 
Astroloba (Manning and Smith, 2000). A variety of Poellnitzia, P. rubriflora var. 
jacobseniana (Poelln.) Uitewaal, was originally described as a species of Apicra. Smith 
(1994) rejected P. rubriflora var. jacobseniana based on insufficient distinguishing 
characters with which to recognize the taxon. 
Chortolirion — Chortolirion is the second monotypic genus of Alooideae. Berger 
(1908) split Chortolirion from Haworthia based on the bulbous habit, deciduous leaves, 
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attenuate style, and apically acuminate capsule. Originally, Berger (1908) included four 
species in Chortolirion. Later authors have chosen to subsume all species into Chortolirion 
angolense (Bak.) A. Berger (Obermeyer, 1973; Smith, 1995). Obermeyer (1973) suggested 
the differences observed by Berger (1908) and used to segregate Chortolirion species simply 
represented variability in a single widespread taxon. Obermeyer (1973) and Hayashi (1999, 
2002) supported the combination of Chortolirion with Haworthia based on the similarity of 
the bilabiate perianth and vegetative form shared between ChoYtolirion and members of H. 
subg. Longifolia. 
Intergeneric relationships of Alooideae 
Perhaps the earliest hypothesis for the evolutionary relationships within Alooideae 
came from Berger (1908) who believed that Aloe derived from a polyphyletic origin and 
represented the oldest and most primitive genus. The historic Aloe was comprised of 
separate ancestral complexes that shared ancestry with the other, putatively more derived, 
Alooideae as well as the contemporary Aloe sections. 
Rowley (1967a) attempted the first phenetic analysis of Alooideae. Twenty-six 
characters were used to compute pairwise similarity values for the construcrion of a phenetic 
dendrogram. The results of the analysis were mostly equivocal. Interestingly, a major 
dichotomy was recovered the 80% similarity level consisting of Chortolirion as one branch 
and the remaining Alooideae as the other. An underrated aspect of Rowley's analysis was 
the use of five of the smaller Aloe segregate genera [Aloinella (A. Berger) Lemee, 
Chamaealoe A. Berger, Guillauminia A. Bertrand, Leptaloe Stapf, and Lomatophyllum] as 
operational taxonomic units (OTUs). By using the smaller segregate genera the overall 
similarity of Aloe sensu lato could be investigated. The results of Rowley (1967a) suggested 
that the various smaller genera that have been split from Aloe sensu lato were not necessarily 
more similar to Aloe than to the traditionally recognized Alooideae genera. Unfortunately, 
none of the other Alooideae subgeneric groups were included in the analysis. 
Smith and Van Wyk (1991) produced the first cladistic phylogeny of Alooideae based 
on 15 morphological characters (with 11 additional characters optimized onto the phylogeny 
subsequent to phylogenetic reconstruction). Each Alooideae genus was treated as an OTU 
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with Kniphofia selected as the outgroup (according to Cronquist's [1981] inclusion of 
Kniphofia in Aloaceae). Of Alooideae, Aloe and Lomatophyllum retained the greatest 
number of pleisiomorphic character states and formed a monophyletic group sister to the 
other genera. The remaining Alooideae formed a grade consisting of Poellnitzia, Gasteria, 
and Astroloba, which terminated with a monophyletic Haworthia/Chortolirion. Based on the 
number of synapomorphies possessed by Haworthia, Chortolirion, and Astroloba, Smith and 
Van Wyk (1991) considered these taxa to represent the most derived condition within 
Alooideae. The failure of Poellnitzia to share recent ancestry with Astroloba was somewhat 
surprising since it has been synonymized with the latter by some authors (Manning and 
Smith, 2000). The results of Smith and Van Wyk (1991) supported the hypothesis that Aloe 
represents the primitive condition within Alooideae and Haworthia is the most derived. A 
tempering observation of the morphological analysis of Smith and Van Wyk (1991) was the 
absence of any support statistics for the branching pattern recovered in the cladistic analysis. 
Smith and Van Wyk (1991) noted the assumption of monophyletic genera to be a 
major problem in the current classification of Alooideae. Utilizing genera as the OTUs 
exaggerated this problem by potentially ignoring polymorphism within each. This may have 
the effect of limiting the number of useful characters or limiting the information contained in 
polymorphic character states. Fortunately, Smith and Van Wyk (1991) recognized this 
problem and suggested further analysis utilizing species or species groups as the OTUs. 
The molecular investigation of Chase et al. (2000, analysis C unless otherwise noted) 
utilizing plastid DNA sequence data produced a phylogeny slightly different from the Smith 
and Van Wyk (1991) morphological study. Chase et al. (2000) recovered a similar 
monophyletic and strongly supported (98%bootstrap [BS] support) AloelLomatophyllum 
Glade. However, the Glade was nested within an Alooideae grade as opposed to residing as 
sister to the other Alooideae. Weakly supported (< 50% BS) as sister to the 
Aloe/Lomatophyllum Glade was Gasteria followed by a moderately supported (82% BS) 
monophyletic Astroloba/Poellnitzia Glade. A monophyletic Astroloba/Poellnitzia Glade was 
expected (Manning and Smith, 2000) but contrary to the Smith and Van Wyk (1991) 
phylogeny. Surprisingly, Chase et al. (2000) recovered Haworthia as the weakly supported 
(60% BS) sister genus to the rest of Alooideae. This result was entirely novel as Haworthia 
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had been considered to be a more derived genus (Smith and Van Wyk, 1991). Unfortunately, 
the phylogenetic affinities of Chortolirion were untested as the taxon was absent from the 
investigation. 
Because the objectives of Chase et al. (2000) were to determine the monophyly and 
evolutionary relationships of Asphodelaceae within the Asparagales, the sampling of 
Alooideae was necessarily restricted to a single representative from each genus (with the 
exception of Aloe having two representatives, three with the synonymization of 
Lomatophyllum). Therefore the assumption of polyphyletic genera remains untested. 
However, Chase et al. (2000) made possible the independent comparison of the 
morphological phylogeny generated by Smith and Van Wyk (1991) to the molecular 
phylogeny generated from plastid DNA sequence data. 
Hayashi (1999, 2002) performed cladistic analyses focusing on Haworthia but also 
including other Alooideae. A combination of 15 characters were used in the 1999 analysis 
(four floral, three cell and tissue, and eight vegetative) and 110 characters (35 floral, 35 cell 
and tissue, and 40 vegetative) in the 2002 analysis. Unlike both Smith and Van Wyk (1991) 
and Chase et al. (2000), Hayashi recognized the possibility of a paraphyletic Haworthia and 
broadened the sampling of the genus and included Astroloba, Chortolirion, and Poellnitzia. 
In the 1999 analysis Hayashi found 10 different species groups within Haworthia that were 
partitioned into three major monophyletic lineages corresponding to the three Haworthia 
subgenera as defined by him (Hayashi, 1999). The first monophyletic lineage was H. subg. 
Longifolia which was sister to the second major monophyletic group of H. subg. Haworthia. 
The third monophyletic group (placed as sister to the subgenera Longifolia and Haworthia) 
consisted of H. subg. Oligonodes (which included Astroloba and Poellnitzia). In the 1999 
analysis the relationship of Chortolirion to Haworthia was not entirely clear. Hayashi (1999) 
had the monotypic genus placed as an internal node where the subgenera Longifolia and 
Haworthia coalesce. The other Alooideae genera (Aloe and Gasteria) also appeared to 
represent a monophyletic group and were placed sister to the three main Haworthia 
subgenera. 
Hayashi's 2002 analysis generated a topology mostly congruent with the 1999 
analysis. One difference was the sister group relationship of H. subg. Longifolia to the 
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remaining Haworthia. Furthermore, unlike the 1999 investigation, the subgenera Haworthia 
and Oligonodes were sister taxa. Hayashi (2002) also clarified the evolutionary relationship 
of Chortolirion to Haworthia as the former fell within H. subg. Longifolia. 
Hayashi's (1999) general evolutionary hypothesis was that three "radiation waves" 
generated the species of the Haworthia subgenera seen today. Chortolirion represented the 
source of the two radiation waves that led to the subgenera Longifolia and Haworthia while a 
separate ancestral grass Aloe (an aloe with affinities to section Leptoaloe and/or 
Graminialoe) was hypothesized to be the source of H. subg. Oligonodes. 
The differences between the Smith and Van Wyk (1991), Chase et al. (2000), and 
Hyashi (1999, 2002) phylogenies attest to the confusing morphology among the Alooideae 
and the need for a greatly expanded analysis that includes numerous species from each 
genera. Generating a robust molecular phylogeny may then enable the reanalysis of 
morphological characters elucidating character evolution within Alooideae. 
Hybridization in Alooideae 
It has been hypothesized for over a century that hybridization has been occurring at 
both the infra- and intergeneric levels within Alooideae (Berger, 1908; Riley and Majumdar, 
1979). Various authors have generated lengthy lists of both natural and artificial putative 
hybrids (Berger, 1908; Reynolds, 1966, 1969; Jacobsen, 1970; Riley and Majumdar, 1979; 
Rowley, 1982; Bayer, 1999; Eggli, 2001), the majority being infrageneric. The genetic 
barriers to hybridization appear to be weak and in the greenhouse can be easily overcome 
(Riley, and Majumdar. 1979; Rowley, 1982). The evolutionary significance of hybridization 
varies depending upon the authority. Resende and Pinto-Lopes (1946) suggest the Alooideae 
are rapidly evolving and hybridization may be directly responsible for the variation observed 
while Bayer (1999) suggests, at least for Haworthia, that hybridization plays a minor role in 
determining variation. 
16 
CHAPTER 3. PHYLOGENETICS OF ALOOIDEAE (ASPHODELACEAE)1
A paper to be submitted to the American Journal of Botany 
Jeffrey D. No11,2 Melvin R. Duvall,3 and Robert S. Wallace2'4
Abstract 
Phylogenetic and taxonomic uncertainty surround the succulent subfamily Alooideae 
(Asphodelaceae). Only recently have molecular phylogenetic methods been utilized to 
address some of the questions regarding alooid evolution. These initial studies, however, 
were not specifically designed to elucidate Alooideae phylogenetic patterns and were 
therefore incomplete. A thorough examination of the intergeneric relationships. within 
Alooideae was performed in an attempt to determine the evolutionary history of the 
subfamily. Plastid sequence data (ndhF, trnL intron, and trnL-F intergenic spacer) was 
accumulated and analyzed using both parsimony and Bayesian reconstruction methods to 
develop a hypothesis Of evolutionary relationships. One of the most unexpected results was 
the discovery that the genus Haworthia, as currently circumscribed, is polyphyletic. In 
addition, Gaste~ia may be derived from within Haworthia subgenus Hexangulares. The 
monotypic genus Chortoli~ion was found to be nested within a strongly supported 
monophyletic Aloe. The polyphyly of Haworthia and its phylogenetic distribution may have 
implications on Alooideae taxonomy and necessitate the reevaluation of structural character 
evolution within this group of succulent monocots. 
Key words: Alooideae; Aloe; Astroloba; Chortolirion; Gasteria; Haworthia; ndhF; 
Poellnitzia; trnL-F intergenic spacer; trnL intron. 
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generously donated plant material, Harry Mays and Bruce Bayer for access to elusive literature, the Wendel 
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stimulating discussion. This work was partially supported by the Haworthia Society (RSW), the Cactus and 




Asphodelaceae Juss. is a monophyletic family (Rowley, 1967a; Dahlgren et al., 1985; 
Duvall et al., 1993; Chase et al., 1995, 2000; Smith and Van Wyk, 1998) of the order 
Asparagales Bromhead which has traditionally been divided into two subfamilies (Dahlgren 
et al., 1985; Smith and Van Wyk, 1998): Asphodeloideae and Alooideae Link. The family 
contains about 780 species in 15 genera with the main center of distribution in southern 
Africa (Smith and Van Wyk, 1998). The Asphodeloideae is a paraphyletic assemblage based 
on both morphology (Dahlgren et al., 1985; Smith and Van Wyk, 1998) and DNA sequence 
data (Chase et al., 2000, Treutleine et al., 2003). Conversely, the subfamily Alooideae, as it 
is currently circumscribed, has been formally recognized as a monophyletic entity at various 
ranks for over 150 years (Link, 1829): subtribe Aloinaes Link (Liliaceae); tribe Aloineae5
Baker (sensu Hutchinson, 1959; Liliaceae). In addition, Kniphofia Moench 
(Asphodeloideae) was included by both Cronquist (1981) and Endlicher (1836) in their 
recognition of the family Aloaceae Batsch and the tribe Aloineae (Liliaceae) respectively. 
Recently, Chase et al. (2000) demonstrated the monophyly of both Asphodelaceae and 
Alooideae (as currently circumscribed) utilizing r~bcL and tr~nL-F cpDNA sequence data. 
Traditionally, the Alooideae was divided into seven genera (Dahlgren et al., 1985; 
Smith and Van Wyk, 1998): Aloe L., Astroloba Uitewaal, Chortoli~ion A. Berger, Gasteria 
Duval, Hawo~thia Duval, Lomatophyllum Willd. (here considered part of Aloe, see below), 
and Poellnitzia Uitewaal. Morphologically the Alooideae are difficult to distinguish as a 
monophyletic lineage. Most Alooideae have a distichous or rosette arrangement of 
succulent, non-fibrous, spiny-margined leaves with some Aloe displaying anomalous 
secondary growth (Judd, 1997; Smith and Van Wyk, 1998). However, both succulence and 
anomalous secondary growth are lacking in some Alooideae while a few members of 
Asphodeloideae are succulent leaved (Dahlgren et al., 1985; Smith and Van Wyk, 1998). In 
2 Department of Ecology, Evolution and Organismal Biology, Iowa State University, Ames, Iowa 50011 USA. 
3 Department of Biological Sciences, Northern Illinois University, DeKalb, Illinois, 60115 USA. 
4 Author for correspondence and reprint requests (e-mail: rwallace@iastate.edu). 
5 As noted by Judd (1997), the proper spelling for the subtribe Aloinae and tribe Aloineae are Aloae and Aloeae 
respectively. To maintain consistency and ease of comparison with the older literature we will continue to use 
the widely accepted, although technically incorrect names Aloinae and Aloineae. 
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Alooideae and Bulbine Wolf (Asphodeloideae) the arrangement of the vascular bundles in a 
ring around the central ground parenchyma appears to be synapomorphic (Dahlgren et al., 
1985; Baijnath and Cutler, 1993). Phytochemically the Alooideae share the presence of 
anthrone-C-glycosides in the leaves and 1-methyl-8-hydroxyanthraquinones in the roots 
(Smith and Van Wyk, 1998). 
Most Alooideae have an inner bundle sheath made up of parenchymatous cells, 
termed "aloin" cells, at the phloem poles with a few Alooideae possessing sclerenchymatous 
inner bundle sheath cells (Beaumont et al., 1985). It has been proposed that the presence of 
these parenchymatous inner bundle sheath cells represent an anatomical synapomorphy for 
Alooideae (Dahlgren et al., 1985; Judd, 1997; Chase et al., 2000). However, others regard 
this character to be synapomorphic for the entire Asphodelaceae (Beaumont et al., 1985; 
Smith and Van Wyk, 1998) based on the presence of parenchymatous inner bundle sheath 
cells in most Asphodeloideae (Beaumont et al., 1985). 
Floral morphology within Alooideae is slightly more conserved than vegetative 
morphology (Smith and Van Wyk, 1998). Nearly all Alooideae possess tubular flowers, 
many exhibiting a trend towards zygomorphic symmetry with some members of Aloe, and all 
of Ast~oloba, Haworthia subg. Robustipedunculuares Uitewaal ex M. B. Bayer, and 
Poellnitzia displaying actinomorphy (Parr, 1971; Obermeyer, 1973; Smith and Van Wyk, 
1998). Conversely, zygomorphic flowers and tubular perianths are found in only a few 
members of Asphodeloideae (Rowley, 1967b; Smith and Van Wyk, 1998). 
Perhaps the most consistent synapomorphy for the Alooideae is the presence of a 
highly conserved and distinctive x = 7 haploid bimodal karyotype consisting of three long 
acrocentric, one long submetacentric, and three short acrocentric chromosomes shared by all 
members of Alooideae (Riley and Majumdar, 1979). Although many Asphodeloideae 
(Asphodeline Rchb., Asphodelus L., Bulbinella Kunth, Eremurus M. Bieb., Trachyandr~a 
Kunth, and some Bulbine) include species with x = 7, none possess a similarly bimodal 
karyotype (Riley and Majumdar, 1979). 
The Alooideae are common throughout tropical and southern Africa where they can 
often form the dominant vegetation (Chase et al., 2000). The largest and most widespread 
genus is Aloe, which occurs over much of sub-Saharan Africa (Smith and Van Wyk, 1991). 
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Aloe ranges from southern Arabia and Socotra westward to the Atlantic coast and southward 
to the tip of South Africa, including Madagascar (Reynolds, 1966, 1969). Astroloba, 
Gasteria, and Haworthia all have similar distribution patterns restricted to the southern 
African subcontinent (Smith and Van Wyk, 1991). Poellnitzia and Chortolirion are 
monotypic genera of Alooideae. Poellnitzia has an extremely endemic distribution in the 
Western Cape province of South Africa while Chortolirion is widely distributed throughout 
central southern Africa (Smith and Van Wyk, 1991). 
Aloe is the oldest and most speciose genus within Asphodelaceae (Smith and Van 
Wyk, 1998). In the most recent compilation, Newton (2001) listed 446 recognized species of 
Aloe. The first comprehensive infrageneric classification of Aloe was produced by Berger 
(1908) in A. Engler's Das Pflanzenreich. Although Berger (1908) hypothesized Aloe to be 
polyphyletic, it appears that Berger's classification was an attempt to organize the genus into 
monophyletic subgeneric groups. About 50 years later G. W. Reynolds (1966, 1969) 
produced the second major infrageneric classifications of Aloe. Contrary to Berger (1908), 
Reynolds (1966, 1969) avoided classifying Aloe with regard to putative evolutionary 
relationships. Recently, Adams et al. (2000) generated the first molecular phylogeny of Aloe. 
The authors produced a phylogeny of 28 species ofAloe using ITS (ITS1, 5.85, and ITS2) 
ribosomal DNA (rDNA) sequence data. Overall, little resolution within Aloe was recovered 
from the small sampling of rDNA variation. 
Reynolds (1966, 1969) acknowledged the significant variation within Aloe and 
recognized a more broadly defined genus that included eight smaller alooid genera which 
other authors (Willdenow, 1811; Berger, 1908; Heath, 1993, 1994) had elevated from within 
Aloe. However, one genus that Reynolds did not synonymize with Aloe was Lomatophyllum. 
Reynolds (1966) subscribed to the separation of the 12 species of Lomatophyllum from Aloe 
based predominantly on the presence of a unique semi-dehiscent berry. However, other 
authors (Rowley, 1996; Newton and Rowley, 1998) have chosen to synonymize 
Lomatophyllum based on the opinion that recognizing a separate genus based exclusively on 
fr uit type without any further supporting characters would be inappropriate given the degree 
of morphological variation within Aloe. We will follow Rowley (1996) and Newton and 
Rowley (1998) and include Lomatophyllum as a synonym of Aloe. 
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Haworthia differs primarily from Aloe and the other Alooideae with the presence of 
small, bilabiate flowers in most species (Bayer, 1999; note the regular floral symmetry of H. 
subg. Robustipedunculares). Haworthia also differs to a degree in other vegetative 
characters but significant variation within Haworthia and overlap with other Alooideae 
makes generalized distinctions tenuous. The infrageneric classification and circumscription 
of Haworthia has been an area of longstanding and often disputatious debate (Smith, 1948). 
Over 600 names have been published for taxa of species rank and below (Breuer and 
Metzing, 1997). The most recent monograph (Bayer, 1999) recognized 61 species in three 
subgenera. Unless otherwise noted, the nomenclatural system of Bayer (1999) will be 
followed throughout this manuscript. 
Bayer (1971) subdivided Haworthia into three subgenera based on perianth shape, 
attachment of the perianth to the pedicel, and style shape: H. subg. Haworthia, H. subg. 
Hexangulares Uitewaal ex M. B. Bayer, and H. subg. Robustipedunculares. In Bayer's most 
recent monograph (1999) he assigned 41 species to H. subg. Haworthia, 16 species to H. 
subg. Hexangulares, and four species to H. subg. Robustipedunculares. Furthermore, Bayer 
adamantly supported the idea of a monophyletic Haworthia and stated (1999, p. 19), ". . .the 
attempt to relegate Astroloba, Poellnitzia and Chortolirion to Haworthia appears to have 
failed, so that good sense can be said to be prevailing." 
Further development of the infrageneric classification of Haworthia was the 
subgeneric system of Hayashi (1999, 2002). Similar to Bayer (1971), Hayashi recognized 
three subgenera but followed a slightly different circumscription, nomenclature, and 
derivation. Unlike Bayer (1971), Hayashi's (1999) classification was truly phylogeneric and 
delimited subgenera with a combination of floral and vegetative characters. Furthermore, 
Hayashi (2002) recognized the potential paraphyly of Haworthia and adjusted his 
circumscription accordingly. Hayashi (1999) proposed a new subgenus, Longifolia Hayashi, 
which contained four taxa from Bayer's (1999) H. subg. Haworthia (Haworthia blackburniae 
var. blackburniae, H. blackburniae var. derustensis, H. blackburniae var. graminifolia (G. G. 
Sm) M. B. Bayer, and Haworthia. wittebergensis) and Chortolirion. Haworthia subgenus 
Oligonodes Hayashi represents Hayashi's second new subgenus synthesized by combining 
Bayer's (1971) H. subg. Hexangulares and H. subg. Robustipedunculares with the genera 
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Astroloba and Poellnitzia. The remainder of Haworthia species were classified in the type 
subgenus. 
Gasteria has long been considered awell-defined, monophyletic genus (Berger, 1908; 
Smith and Van Wyk, 1991; Van Jaarsveld et al., 1994) as primarily recognized by 
gasteriform, curved perianths and recurved, pendulous pedicels (Van Jaarsveld, 1994). 
However, until recently, the infrageneric relationships have been poorly understood with 
most studies recognizing the more than 100 names that had been proposed at the specific and 
subspecific levels within Gasteria (Van Jaarsveld, 1994). Within the past decade, Van 
Jaarsveld et al. (1994) generated the first phylogenetic classification of Gasteria employing a 
suite of morphological characters. In a subsequent monograph based partially on the results 
of Van Jaarsveld et al. (1994), Van Jaarsveld (1994) reduced the total number of Gasteria 
species to 16 and organized them into two monophyletic sections and four monophyletic 
series. Since the monograph, two additional species have been identified (Van Jaarsveld, 
2001; Van Jaarsveld and Van Wyk, 2001) bringing the total to 18 species. 
Of all of the polytypic Alooideae genera Astroloba is probably the least researched. 
Astroloba is very similar to H. subg. Hexangulares in its caulescent habit and H. subg. 
Robustipedunculares in its regular flowers (Parr, 1971). The major distinctions forAstroloba 
are the rigid and pungent leaves arranged in rows of five (Parr, 1971). A number of authors 
(Parr, 1971; Obermeyer, 1973; Hayashi, 1999, 2002) have supported a movement to subsume 
Astroloba into Haworthia based on the similarity in flower form between Astroloba and H. 
subg. Robustipedunculares. Parr (1971) erected a new section within Haworthia, H. sect. 
Quinquefariae Parr, to include all members of Astroloba and the monotypic Poellnitzia. 
Currently Meyer and Smith (2001) recognize six species ofAstroloba but as many as 20 
species have been proposed (Meyer and Smith, 2001). 
Poellnitzia is one of the two monotypic genera of Alooideae. Poellnitzia rubriflora 
resembles Astroloba in leaf form and arrangement but has a red perianth (as opposed to white 
in Astroloba) with connivent tips (Manning and Smith, 2000). Poellnitzia rubriflora has 
been variously synonymized with Haworthia (Parr, 1971), Aloe (Rowley 1981), and 
Astroloba (Manning and Smith, 2000). Chortolirion represents the second monotypic genus 
of Alooideae. Berger (1908) split Chortolirion from Haworthia based on the bulbous habit, 
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deciduous leaves, attenuate style, and apically acuminate capsule. Originally, Berger (1908) 
included four species in Chortolirion but later authors have chosen to subsume all taxa into 
Chortolirion angolense (Obermeyer, 1973; Smith, 1995). Obermeyer (1973) and Hayashi 
(1999, 2002) support the combinarion of Berger 's (1908) Chortolirion with Haworthia based 
on the similarity of the bilabiate perianth and the similar vegetative form shared between 
Chortolirion and members of H. subg. Longifolia. 
Rowley (1967a) produced the first phenetic analysis of Alooideae employing 26 
characters in the construction of a phenetic dendrogram. The results of the analysis were 
mostly equivocal with little overall resolution among the 13 taxa. Smith and Van Wyk 
(1991) produced the first cladistic phylogeny of Alooideae. Each Alooideae genus was 
scored for 16 morphological characters and treated as the operational taxonomic unit (OTU). 
Of Alooideae, Aloe and Lomatophyllum retained the greatest number of pleisiomorphic 
character states and formed a monophyletic group sister to the other genera. The remaining 
Alooideae formed a grade consisting of Poellnitzia, Gasteria, and Astroloba, which 
terminated with a monophyletic Haworthia/Chortolirion. Based on the number of 
synapomorphies possessed by Haworthia, Chortolirion, and Astroloba, Smith and Van Wyk 
(1991) considered these taxa to represent the most derived condition within Alooideae. The 
failure of Poellnitzia to share recent ancestry with Astroloba was somewhat surprising since 
it has been synonymized with the latter by some authors (Manning and Smith, 2000). The 
results of Smith and Van Wyk (1991) supported the hypothesis that Aloe represents the 
primitive condition within Alooideae and Haworthia is the most derived. 
The molecular investigation of Chase et al. (2000, referring to analysis C unless 
otherwise noted) utilizing plastid DNA sequence data produced a phylogeny slightly 
different from the Smith and Van Wyk (1991) morphological study. Chase et al. (2000) 
recovered a similar, strongly supported monophyletic Aloe/Lomatophyllum Glade. However, 
the Glade was nested in an Alooideae grade as opposed to residing as sister to the other 
Alooideae genera. Weakly supported as sister to the Aloe/Lomatophyllum Glade was 
Gasteria followed by a moderately supported monophyletic Astroloba/Poellnitzia Glade. A 
close relationship between Astroloba and Poellnitzia was expected (Manning and Smith, 
2000) but contrary to the Smith and Van Wyk (1991) phylogeny. Unexpectedly, and again 
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contrary to the Smith and Van Wyk (1991) phylogeny, Chase et al. (2000) recovered 
Haworthia as the sister genus to the rest of Alooideae. 
Hayashi (2002) performed a cladistic analysis of 110 morphological characters 
focusing on Haworthia but also including Astroloba, Chortolirion, and Poellnitzia. Unlike 
both Smith and Van Wyk (1991) and Chase et al. (2000), Hayashi (2002) was able to test the 
possibility of a paraphyletic Haworthia by broadening the sampling of the genus. Hayashi 
(2002) found three major monophyletic lineages corresponding to his three Haworthia 
subgenera (Hayashi, 1999). H. subg. Longifolia (containing Chortolirion) was sister to a 
monophyletic Glade composed of H. subg. Haworthia and H. subg. Oligonodes (containing 
Astroloba and Poellnitzia). 
The differences between the Smith and Van Wyk (1991), Chase et al. (2000), and 
Hayashi (2002) phylogenies attest to the confusing morphology and complex evolutionary 
history among the Alooideae and the need for a greatly expanded analysis that includes 
multiple species from each genus. The purpose of this investigation was to attempt to clarify 
the phylogenetic relationships among and within the genera of the Alooideae utilizing 
cpDNA sequence data. Generating a robust molecular phylogeny may then enable the 
reanalysis and elucidation of morphological character evolution within Alooideae. 
Materials and methods 
Taxonomic sampling — 47 taxa were sampled representing each Alooideae genus 
and the Asphodeloideae outgroup Bulbine as outlined in Table 1. Bulbine was selected as the 
outgroup for phylogenetic analysis based on its strongly supported position as sister to the 
Alooideae in the analysis of rbcL and trnL-F cpDNA (Chase et al., 2000). Within Aloe all 
taxa represent Aloe sect. Leptoaloe A. Berger except Aloe peyrierasii which is in Aloe sect. 
Lomatophyllum Rowley. The five taxa of Gasteria sampled represent both sections and three 
of the four series with the monotypic series Namaquana Van Jaarsv. unrepresented. The 25 
species of Haworthia sampled represent all three subgenera of Haworthia. Three species of 
Astroloba and both of the monotypic genera Poellnitzia and Chortolirion were sampled. 
DNA extraction, amplification, and sequencing —Total genomic DNA was 
extracted by one of two methods: 
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1. Nucleon PhytoPure plant and fungal DNA extraction kit (Amersham Life Science, 
Cleveland, Ohio, USA). Nucleic acid was extracted and RNase digested from ~ 1.Og fresh 
leaf tissue following manufacturer's recommendations and stored in sterile water at -20°C. 
2. DNeasy Plant Mini Kit (Qiagen, Valencia, California, USA). DNA was extracted 
from ~0.1 g fresh leaf tissue following manufacturer's recommendation and stored in sterile 
water at -20°C. 
Taq mediated amplification of the tr~nL intron and trnL-F intergenic spacer (IGS) was 
carried out in 5 0 ~,l reactions using 2 units of Taq DNA polymerase, 1 X buffer (Invitrogen, 
Burlington, Ontario, Canada or Promega, Madison, Wisconsin, USA), 3.0 mM MgC12, 0.25 
mM each dNTP, 5 pmol of each primer, and 2.0 ~,1 template DNA. The tr~nL intron and trnL-
F IGS were amplified separately with the primer pairs C and D or E and F, respectively, from 
Taberlet et al. (1991), or as a single fragment with primers C and F. Taq mediated 
amplification of ndhF was carried out under identical reaction conditions as above with 
primers from Olmstead and Sweere (1994), Jansen (1992), Applequist and Wallace (2001) 
and unique primers. Similar to trnL-F, ndhF was amplified in two fragments. Table 2 gives 
a breakdown of primer sequence, utilization, and references. 
Amplification of cpDNA was preceded with a hotstart consisting of 94 °C for 2 min 
followed by a 80 °C incubation at which time the Taq DNA polymerase was added. The 
cycling regime comprised 35 cycles of 94 °C for 45 sec to 1 min, 50 °C to 55 °C for 1 min to 
1 min 45 sec, and 72 °C for 2 min to 2 min 45 sec with a final product extension at 72 °C for 
10 min. The amplified product was purified and concentrated with the QIAquick gel 
extraction kit (Qiagen, Valencia, California, USA) and quantified for use in the sequencing 
reaction. 
Automated sequencing was performed utilizing one of two methods: 
1. Cycle sequencing using the ABI Prism Big Dye Terminator Cycle Sequencing 
Ready Reaction Kit (Perkin Elmer Applied Biosystems, Foster City, California, USA) under 
conditions specified by the manufacturer. The only deviation from the manufacturer's 
recommendations was the use of a 1:4 dilution of the terminator ready reaction solution. 
Electrophoresis and automated sequencing was then performed at the Iowa State University 
DNA Sequencing and Synthesis Facility (Iowa State University, Ames, Iowa, USA). 
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2. Cycle sequencing, electrophoresis, and automated sequencing were performed at 
the Core Laboratory Facility (Northern Illinois University, DeKalb, Illinois, USA). 
Sequence analysis —Sequences were assembled with AutoAssembler (Perkin Elmer 
Applied Biosystems, Foster City, California, USA) or Sequencher (Gene Codes, Ann Arbor, 
Michigan, USA, 2000) and aligned in Se-Al (Rambaut, 2001). trnL-F was aligned congruent 
to the alignment of the Alooideae taxa included in Chase et al. (2000). Given the lack of 
insertions/deletions (indels) the ndhF sequences were confidently aligned by visual 
inspection. 
Phylogenetic analyses were performed on the aligned data matrix using 
PAUP*4.Ob10 (Swofford, 2003) and MrBayes 3.Ob4 (Ronquist and Huelsenbeck, in press). 
For all phylogeneric analyses gaps were entered as missing data and the gapped positions 
included in the analysis, due to the presence of a large deletion in the trnL-FIGS of some 
members of Haworthia (298 — 304 bp) and Poellnitzia rubriflora (367 bp) and the complex 
pattern of indel occurrence in trnL-F. We believe this treatment of gaps and gapped 
positions encouraged maximum recovery of phylogenetic information for the taxa lacking the 
large delerion, avoided complicated scoring of indels as multistate characters (Simmons and 
Ochoterena, 2000), and circumvented potentially unreliable homology assessment. A 54 by 
hypervariable region in the trnL-FIGS containing numerous indels and substitutions was 
excluded from all analyses by reason of ambiguous alignment and uncertain assessment of 
homology. 
To test the potential congruence and combinability (Farris et al., 1995) of the ndhF 
and trnL-F cpDNA regions a partition homogeneity test (equivalent to the incongruence 
length difference [ILD] test of Farris et al., [1995]) was executed in PAUP*. The trnL-F 
intron and IGS were treated as a single partition (Chase et al., 2000). Preliminary partition 
homogeneity tests of the complete aligned data matrix involved significant computational 
investment and gave no indication that a conclusion would be attained (JDN, personal 
observation) suggesting a modification of the data set was necessary. To that end, all taxa 
without complete trnL-F sequences (Aloe albiflora, Aloe bowiea, Aloe compressa, Aloe 
peyrierasii, Astroloba corrugata, Chortolirion angolense, Haworthia marumiana, Haworthia 
mirabilis, Haworthia nortieri, Haworthia parksiana, and Haworthia truncata) and all of the 
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gapped positions for the remaining taxa were excluded. We conducted 100 partition 
homogeneity replicates each consisting of 100 random addition heuristic searches (see below 
for heuristic search parameters following that for the ndhF/combined analyses) with a "max 
trees" limit set to 10 000. An identical partition homogeneity test as above was then repeated 
with the additional exclusion of Haworthia cooperi to test the potential effects of that taxon 
on the partirion homogeneity test results. 
Heuristic parsimony analyses were implemented by PAUP* and conduced using the 
ndhF data alone, the trnL-F data alone, and a combined data set of both cpDNA regions. 
Heuristic parsimony analyses consisted of 1000 random addition-sequence replicates with 
tree bisection-reconnection (TBR) branch swapping for both the ndhF and combined 
analyses. For trnL-F the heuristic search consisted of 275 random addition-sequence 
replicates with TBR swapping and a limit of 1000 trees greater than or equal to the shortest 
tree found saved per addition-sequence replicate. The additional limits set for the trnL-F 
parsimony analysis were implemented to make the tree search less computationally intensive 
and encourage the attainment of a phylogenetic estimation in a realistic timeframe. Branch 
support for the parsimony analysis of ndhF was estimated by bootstrap analysis composed of 
100 replicated heuristic parsimony searches (each heuristic search consisted of 100 addition-
sequence replicates). Branch support for the parsimony analyses of the trnL-F and combined 
data sets was estimated with five replicates (each with a different random starting seed) of 
100 000 subsamples using the "fast" bootstrap method in PAUP* as the large number of 
equally parsimonious trees recovered during replicates became computationally prohibitive. 
The bootstrap values were then averaged across the five replicates. For comparison of 
bootstrap support values we have chosen to adopt the descriprions for categories of bootstrap 
support recognized by Chase et al. (2000). 
The parsimony analysis for the ndhF data set included a1147 taxa. For the parsimony 
analysis of trnL-F two taxa (Chortolirion and H. truncata) had a large portion of the trnL-F 
sequence lacking and were subsequently excluded from the analysis. This was done to 
reduce the computational intensity of the analysis while preserving the informativeness of the 
data. In the analyses of the combined data sets all taxa were included with the exception of 
H. cooperi (for reasons discussed below) bringing the total to 46 taxa. 
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A Bayesian inference analysis of the combined data set was implemented through the 
MrBayes 3.Ob4 program with the likelihood parameters set to "lset nst = 6" and "rates = 
gamma." 2 000 000 generations were ran as four simultaneous chains that were sampled 
every 100 generations for a total of 20 000 trees in the initial sample. A plot of the -ln scores 
indicated that "stationarity" was achieved at ~70 000 generations. Therefore, the first 700 
trees (if one tree was sampled every 100 generations then tree 700 would correspond to 
generation 70 000) of the initial sample were discarded as "burnin" and the posterior 
probabilities calculated on the remaining 19 300 trees. Some debate has arisen over the 
credibility of Bayesian posterior probabilities (Huelsenbeck et al., 2002; Suzuki et al., 2002). 
We have decided to take a conservative approach and recognize the following descriptions 
for categories of posterior probability support: weak, <90; moderate, 90-98; strong, 99-100. 
Results 
The complete sequence length of ndhF varied from 1594 by in Bulbine weisei 
(incompletely sequenced) to 2032 by in 14 taxa. The length of the aligned ndhF data set was 
2038 characters. Of these, 149 were variable and parsimony uninformative while 160 
characters were variable and potentially parsimony informative. Parsimony analysis found 
865 equally parsimonious trees of 444 steps on 4 islands. The consistency index (CI) for 
these trees was 0.802 (0.689 excluding uninformative characters) and the retention index (RI) 
was 0.897. The bootstrap consensus tree is shown in Fig. 1. 
Unlike ndhF, trnL-F was highly variable in sequence length, mainly due to the large 
number of indel events in the non-coding tRNA. The trnL intron varied from 86 by for H. 
truncata (incompletely sequenced) to 507 by in Haworthia cymbiformis. The trnL-FIGS 
varied in sequence length from 93 by in Chortolirion (incompletely sequenced) to 477 by in 
Bulbine frutescens. The length of the aligned trnL-F data set was 1075 characters (1021 
characters after the exclusion of the hypervariable region of doubtful homology). Ninety-
nine characters were variable and parsimony uninformative and 110 characters were variable 
and potentially parsimony informative. In the parsimony analysis 256 005 equally 
parsimonious trees of length 322 were recovered from 262 islands. The CI was 0.717 (0.588 
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excluding uninformative characters) and the RI was 0.775 for the most parsimonious trees. 
The bootstrap consensus tree is shown in Fig. 2. 
The partition homogeneity tests comparing ndhF to trnL-F revealed potential data set 
incongruence centered on a specific taxon. When H. cooperi was included in the partition 
homogeneity analysis of the two cpDNA partitions the null hypothesis of congruence was 
rejected (p = 0.0010). After removal of H. cooperi from the analysis, ndhF and trnL-F 
satisfied the hypothesis of congruence (p = 0.1200). Topologically, the position of H. 
cooperi varied from being strongly nested within H. subg. Haworthia based on ndhF and 
weakly posirioned within a larger Glade including all Alooideae except H. subg. Haworthia 
based on the trnL-F data. 
The length of the combined cpDNA aligned data. set was 3059 characters. In the 
parsimony analysis 4320 shortest trees of 764 steps were found with a CI of 0.766 (0.641 
excluding uninformative characters) and a RI of 0.854. Figure 3 shows the bootstrap 
consensus tree for the combined cpDNA parsimony analysis. The Bayesian analysis 
recovered a consensus likelihood score of -ln 9306.27992. Figure 4 represents the Bayesian 
S 0% majority rule tree from analysis of the combined cpDNA data set. 
Discussion 
ndhF analysis Parsimony analysis of ndhF revealed both expected and 
unexpected evolutionary relationships. As previously suggested (Smith and Van Wyk, 1991, 
1998; Chase et al., 2000) ndhF recovered a strongly monophyletic Alooideae. One of the 
two earliest diverging lineages was a strongly supported Glade consisting of H. subg. 
Haworthia. The sister relationship of H. subg. Haworthia to the remaining Alooideae was 
entirely novel although not altogether unanticipated as Chase et al. (2000) recovered 
Haworthia subfasciata (Salm-Dyck) Baker as the weakly supported sister to the remaining 
Alooideae. Some uncertainty surrounds the identity of the taxon referred to as H. 
subfasciata. Bayer (1999) rejected H. subfasciata based on insufficient information while 
Breuer (1998) synonymized H. subfasciata with Haworthia fasciata (Willd.) Haw. At the 
very least, the name H. subfasciata does not refer to a taxon of H. subg. Haworthia (Breuer, 
1998; Bayer, 1999). The ndhF elucidation of the phylogenetic position of H. subg. 
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Haworthia also conflicts with the morphologically-based cladistic analysis of Smith and Van 
Wyk (1991). 
Relationships among the species of H. subg. Haworthia were largely unresolved and 
weakly supported by the ndhF data. At the sectional level (sensu Breuer, 1998) three major 
Glades roughly corresponding to sections were weakly resolved as monophyletic. The first 
Glade included all six taxa sampled from H. sect. Retusae Haw. and H. marumiana from H. 
sect. Haworthia. This "Retusae" Glade was weakly supported as sister to the second 
monophyletic Glade that encompassed the remaining sample of species from H. sect. 
Haworthia. The third weakly supported major Glade from H. subg. Haworthia included two 
species sampled from H. sect. Loratae Salm-Dyck ex A. Berger (Haworthia chloracantha 
and H. parksiana, weakly supported as sister taxa) and the single species of the monotypic H. 
sect. Fenestratae Poelln. (H. truncata). The H. sect. Loratae/Fenestratae Glade was weakly 
supported as the sister group to the "Retusae"/H. sect. Haworthia Glade. A strongly 
supported infrasubgeneric relationship deduced from the analysis of ndhF was the sister 
relationship of H. blackburniae to the remainder of H. subg. Haworthia. 
Of the previous investigations into Alooideae phylogenetics, Hayashi's (1999, 2002) 
non-molecular analyses are the only investigations partially congruent with our molecular 
phylogenetic hypothesis for the early diverging Alooideae. Hayashi (2002) recovered H. 
blackburniae, and the rest of H. subg. Longifolia, as the earliest diverging within the entire 
Haworthia genus. We found that H. blackburniae was indeed an early diverging lineage 
within Haworthia, but only within H. subg. Haworthia. At the sectional level the results 
from our molecular investigation differed slightly from those of Hayashi's (2002) 
morphological investigation. Hayashi (2002) recovered a H. sect. Loratae/Fenestratae Glade 
sister to H. sect. Retusae and with H. sect. Haworthia sister to the larger H. sect. 
Retusae/Loratae/Fenestratae Glade. Interestingly, Hayashi (2002) resolved H. marumiana 
(H. sect. Haworthia) within a Glade comprised of members from H. sect. Loratae. In neither 
Hayashi's (2002) nor our analysis does H. marumiana appear closely related to the other 
members of the section in which it is currently circumscribed (H. sect. Haworthia). 
Hybridization andlor polyploidization may be possible hypotheses explaining the 
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phylogenetic position of H. marumiana which is the only polyploid in H. subg. Haworthia 
(Riley and Majumdar, 1979; Breuer, 1998). 
The monophyly of Aloe has been questioned by numerous authors (Berger, 1908; 
Rowley, 1967a, 1969; Heath, 1993, 1994). In our analysis of ndhF we recovered a strongly 
monophyletic Aloe but only with the inclusion of Chortolirion. The Aloe/Chortolirion Glade 
(referred to here as the "Aloe" Glade) was distinguished as one of the next two diverging 
lineages after H. subg. Haworthia. Our result confirmed the monophyly of Aloe suggested 
by the cladistic analyses of Smith and Van Wyk (1991) and Chase et al. (2000, although 
Chortolirion was absent). However, Smith and Van Wyk (1991) did not find that Aloe and 
Chortolirion were each other's closest relatives. The evolutionary relationship of Aloe to the 
other Alooideae genera based on ndhF also differed from both those of Chase et al. (2000) 
and Smith and Van Wyk (1991). In the former analysis Aloe was resolved as sister to 
Gasteria while in the latter Aloe was resolved as the highly pleisiomorphic sister group to the 
remaining Alooideae. Our result robustly demonstrated that Aloe was not sister to the other 
Alooideae genera nor sister to Gasteria. 
The interspecific relationships of Aloe and the phylogenetic placement of 
Chortolirion within Aloe were partially resolved by ndhF. Chortolirion was strongly 
supported as being nested within Aloe but its specific relationship to the individual species of 
Aloe was less robustly supported. Chortolirion and Aloe soutpansbergensis were weakly 
supported as sister species. A moderately supported Glade was that containing the 
Chortolirion/Aloe soutpansbergensis Glade plus two tropical African species (Aloe 
inyangensis and Aloe wildii). All four taxa are found in South Africa with Chortolirion 
ranging into tropical Africa. The phylogenetic position of Aloe bowiea (South African) was 
unresolved in the ndhF bootstrap consensus tree. The analysis of ndhF also weakly 
supported a single origin for the Madagascan aloes (Aloe albiflora, Aloe compressa, Aloe 
pa~vula, and Aloe peyrierasii). This result contrasts to the rDNA analysis of Aloe (Adams et 
al., 2000) where one of the three Madagascan Aloe taxa sampled was strongly supported as 
being closely related to a tropical African Aloe suggesting multiple founder events to 
Madagascar (Adams et al., 2000). 
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The next strongly supported Glade was comprised of two larger sister groups, both of 
which were strongly supported in the ndhF analysis. The first monophyletic lineage 
contained the two taxa from H. subg. Robustipedunculares (Haworthia marginata and 
Haworthia minima), the three taxa sampled from Astroloba (Astroloba congesta, Astroloba 
corrugata, and Astroloba herrei), and Poellnitzia. The relationships among the taxa in this 
"Astroloba" Glade were incompletely resolved into afour-lineage polytomy. The taxa from 
H. subg. Robustipedunculares were strongly supported as sister species as were Astroloba 
corrugata and Astroloba herrei. The positions of Astroloba congesta and Poellnitzia were 
unresolved displaying no particular affinities within the group. However, the close 
relationship between Astroloba and Poellnitzia suggested by ndhF corroborated the results of 
Chase et al. (2000) and Hayashi (2002) and supported the synonymization of the latter taxon 
into the former (Manning and Smith, 2000). Only the cladistic analysis of Hayashi (2002) 
has suggested the close phylogenetic relationship between Astroloba, Poellnitzia, and H. 
subg. Robustipedunculares that was illustrated in our molecular analysis. Poellnitzia was 
one of the two sister groups to a Astroloba/H. subg. Robustipedunculares Glade. 
Strongly supported as sister to the "Astroloba" Glade was a Glade comprising species 
from H. subg. Hexangulares and Gasteria (referred to here as the "higher Alooideae" Glade). 
Three main Glades within the "higher Alooideae" were resolved but the relationships among 
Glades was equivocal. Two of the lineages consisted of strongly supported species pairs, 
Haworthia attenuata plus Haworthia scabra as one pair and Haworthia venosa plus 
Haworthia viscosa as the second pair. Haworthia limifolia was unresolved in its affinities to 
the other taxa in the "higher Alooideae" Glade. The strongly supported species triplet of 
Haworthia longiana sister to a strongly monophyletic species pair of Haworthia nigra and 
Haworthia reinwardtii was weakly resolved as sister to a strongly supported Gasteria Glade. 
Infrageneric relationships within Gasteria were mostly undetermined with the weakly 
supported sister position of Gasteria glomerata to the remaining Gasteria taxa representing 
to only resolved relationship. 
Hayashi's (2002) analysis did not include Gasteria but contained numerous 
representatives form H. subg. Hexangulares. However, no real congruence is evident 
between our analysis and Hayashi's (2002) analysis of the taxa of H. subg. Hexangulares as 
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the species associations recovered in our molecular analysis were absent from Hayashi's 
(2002) morphological analysis. The taxonomic sampling of Haworthia and Gasteria by 
Chase et al. (2000) and Smith and Van Wyk (1991) was too limited to realistically compare 
our results to theirs. 
trnL-F analysis Phylogenetic analysis of trnL-F also strongly supported the 
monophyly of the Alooideae. However, relationships among Alooideae taxa were much less 
resolved and supported than in the ndhF phylogeny. The trnL-F data set did not support the 
monophyly of H. subg. Haworthia. H. cooperi was weakly supported as an individual 
lineage in a large polytomy comprising all of the Alooideae taxa except H. subg. Haworthia. 
Furthermore, monophyly of H. subg. Haworthia excluding H. cooperi was not supported. 
The remaining H. subg. Haworthia (less H. cooperi) taxa, H. blackburniae, and a large Glade 
containing the remaining Alooideae taxa were resolved as a basal trichotomy. Only H. subg. 
Haworthia minus both H. cooperi and H. blackburniae was weakly supported as a 
monophyletic lineage. 
What may be a molecular synapomorphy for the taxa of H. subg. Haworthia is a 300 
by deletion in the trnL-FIGS. The only taxon of H. subg. Haworthia that lacked the deletion 
was H. blackburniae. The deletion followed a string of poly-T nucleotides at the 5' end and 
terminated at the identical 3' position in all H. subg. Haworthia that contained the deletion. 
Curiously, Poellnitzia also contained a large deletion in the trnL-FIGS . Although the 
deletion started following the identical poly-T string at the end 5' region, it did not share the 
conserved 3' end. In Poellnitzia the deletion extended downstream ~50 bp. The simplest 
explanation was that the lineage leading to Poellnitzia underwent an independent loss of the 
trnL-FIGS sequence. The possession of a unique 3' end in the deletion, the disparate 
phylogenetic positions of Poellnitzia and H. subg. Haworthia based on ndhF, and the 
absence of the deletion in the outgroup may be an indication that the deletion events in 
Poellnitzia and H. subg. Haworthia (excluding H. blackburniae) were not homologous. For 
the deletion in Poellnitzia to be homologous to that in H. subg. Haworthia (less H. 
blackburniae) a number of assumptions must be made: 
1. The ancestor to the entire Alooideae acquired the deletion after diverging from the 
outgroup but before the major lineages diverged. 
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2. The lineages leading to H. subg. Haworthia and Poellnitzia retained the deletion. 
3. All of the Alooideae lineages except those leading to H. subg. Haworthia and 
Poellnitzia experienced independent secondary gains in the trnL-FIGS. 
4. The lineage leading to Poellnitzia underwent an additional deletions) or the 
lineage leading to the taxa of H. subg. Haworthia containing the deletion experienced a 
secondary gains) of sequence decreasing the size of its deletion. 
Even if numerous lineages descended from a limited number of ancestors that 
experienced one or few secondary gains, numerous independent gains across the entire 
phylogeny would need to be invoked. Within H. subg. Haworthia we hypothesize a single 
deletion event within the trnL IGS subsequent to the divergence of H. blackburniae occurred, 
and that the deletion in Poellnitzia represented a parallel sequence loss. 
The next Glade resolved by trnL-F was a weakly supported large and heterogeneous 
assemblage that encompassed all of the Alooideae. except H. subg. Haworthia but included 
H. cooperi. Within this large Glade little support and resolution were evident. Similar to 
ndhF, trnL-F resolved a monophyletic Aloe, but with weak support. Within Aloe, the only 
resolved relationship was the weakly supported sister relationship of Aloe bowiea to the 
remaining Aloe species. The position of Aloe bowiea was unresolved in the ndhF bootstrap 
consensus tree but was resolved as the sister species to the remaining taxa of the "Aloe" Glade 
in the strict consensus tree (not shown). 
Another weakly supported Glade in the trnL-F analysis was the "Astroloba" Glade, 
which was nearly identical to the strongly supported "Astroloba" Glade found in the ndhF 
parsimony analysis. The only difference was the absence of an Astroloba 
corrugata/Astroloba herrei Glade in the trnL-F analysis. Both H. subg. Robustipedunculares 
species formed a strongly supported Glade. The ndhF analysis resolved a nearly identical and 
strongly supported "Astroloba" Glade. 
Similar to ndhF, the analysis of trnL-F did not recover a monophyletic H. subg. 
Hexangulares. Furthermore, the evolutionary relationships among the species of H. subg. 
Hexangulares were mostly undetermined. Only the H. nigra/H. reinwardtii Glade was 
strongly supported. This species pair was also strongly supported in the ndhF analysis, but 
unlike the ndhF analysis, did not form a sister group to H. longiana based on trnL-F. H. 
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attenuata and H. scabs also formed a moderately supported monophyletic group based on 
trnL-F. The remaining members of H. subg. Hexangulares were completely unresolved. 
Surprisingly, a monophyletic Gasteria was not recovered nor were any Gasteria species 
associations resolved in the trnL-F analysis. This was contrary to the ndhF analysis where 
Gasteria was strongly supported as monophyletic. Instead, the trnL-F analysis left all the 
Gasteria species unresolved across the heterogeneous Alooideae assemblage. 
Combined analyses —The results from the two partition homogeneity tests indicated 
that combining the ndhF and trnL-F data may be conditional upon the removal of H. cooperi 
from the analysis (Farris, 1995). H. cooperi appeared to be responsible for a staristically 
significant increase in tree length when the data were analyzed as random partitions 
compared to when the partitions were analyzed separately. However, the validity of the 
partition homogeneity test in determining data set combinability has been challenged by a 
number of authors (Stanger-Hall and Cunningham, 1998; Graham et al., 1998; Yoder et al., 
2001; Barker and Lutzoni, 2002). We have chosen to avoid this disputatious issue by simply 
eliminating the major source of data set incongruence. Eliminating H. cooperi decreased the 
significance (increased the p value) of the partition homogeneity test well below the 
generally accepted (although see Cunningham, 1997 for an alternative) a = O.OS level. 
Further investigation into the phylogenetic affinity of H. cooperi is required to 
elucidate the anomalous position of the taxon in the trnL-F analysis. H. cooperi is not a 
polyploid (Riley and Majumdar, 1979; Breuer, 1998) nor has it been suggested to be of 
hybrid origin (Bayer, 1999). We originally hypothesized that the H. cooperi trnL-F 
sequences might be an artifact of contamination. To test this we re-extracted DNA from the 
same plant and re-sequenced both strands of the trnL-F region multiple times and continued 
to recover sequences identical to the initial ones. The H. cooperi trnL-F region did possess 
the large deletion in the IGS characteristic of H. subg. Haworthia but the trnL intron was 
lacking a number of indels that were characterisric of taxa from the subgenus (data not 
shown). Another hypothesized explanation for the unique trnL-F sequence was a mis-
identification of the taxa. We examined the specimen morphologically (vegetative and 
reproductive structures) and confirmed that it was H. cooperi. Furthermore, the source of the 
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specimen (Huntington Botanical Gardens, San Marino, California, USA) confirmed the 
identity of the plant at our request. 
The combined parsimony and Bayesian analyses recovered a topology nearly 
identical to each other and the ndhF phylogeny for the Alooideae. The combined analyses 
found H. subg. Haworthia was strongly supported as monophyletic and sister to the 
remaining Alooideae and H. blackburniae was strongly supported as sister to all other H. 
subg. Haworthia species. Within H. subg. Haworthia the combined analyses elucidated 
phylogenetic relationships equivalent to those indicated by ndhF. The "Retusae" Glade, the 
H. sect. Haworthia Glade, and H. sect. Loratae/H. sect. Fenestratae Glade were all recovered 
by the combined data set analyses. Also, the sister relationship between the "Retusae" Glade 
and the H. sect. Haworthia Glade was recovered in the combined parsimony and Bayesian 
analyses. Bootstrap support for the above Glades comprising H. subg. Haworthia was similar 
between the ndhF and combined parsimony analysis; only the H. sect. Loratae/H. sect. 
Fenestratae Glade changed support categories by going from weak in the ndhF analysis to 
moderate in the combined analysis. The posterior probabilities for the respective Glades were 
all in the strong category. 
Similar to the ndhF parsimony analysis, the combined cpDNA analyses strongly 
supported H. blackburniae as the earliest diverging species within H. subg. Haworthia. H. 
blackburniae (including Haworthia graminifolia) and Haworthia wittebergensis (not 
included in this survey) make up the graminoid haworthias based on their possession of long 
and slender leaves that generally lack well-developed succulence. Ultimately, Hayashi 
(1999) believed the graminoid haworthias (plus the monotypic genus Chortolirion) to be 
sufficiently unique to warrant recognition as H. subg. Longifolia. Our analyses neither 
support nor refute the recognition of H. subg. Longifolia. The inclusion of H. wittebergensis 
could be helpful in revealing the phylogenetic and taxonomic affinities of H. subg. 
Longifolia. 
The sister relationship of H. blackburniae to the remainder of H. subg. Haworthia 
recovered by cpDNA sequence analysis may have interesting implications for the evolution 
of leaf succulence and general morphology within H. subg. Haworthia, the largest Haworthia 
subgenus (Bayer, 1999). It seems reasonable to hypothesize the ancestral lineage of a 
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predominantly succulent subgenus lacking well-developed succulence acquiring significant 
water storage abilities thereby encouraging survival and subsequent morphological 
diversification in dry habitats as is hypothesized for the Cactaceae (Anderson, 2001). 
Furthermore, the outgroup (Bulbine) contains both succulent and non-succulent members 
(Dahlgren et al., 1985) possibly suggesting anon-succulent ancestor to the Alooideae. 
The combined cpDNA analyses strongly supported a monophyletic Aloe (including 
Chortolirion) and recovered identical inter- and infrageneric relationships for the genus. The 
only differences were in the amount of support for particular Glades (parsimony analysis 
recovered three weakly and one moderately supported infrageneric Glade while Bayesian 
analysis recovered three strongly and one moderately supported Glade). Furthermore, nearly 
all Glades present in one or both of the separate ndhF and trnL-F analyses were recovered in 
the combined analyses. The only exception was the absence in the combined analyses of the 
weakly supported species pair of Aloe parvula and Aloe peyrierasii found in the ndhF 
analysis. Similar to the trnL-F analysis, Aloe bowiea was found as sister to the remaining 
"Aloe" Glade in the combined analyses. The recovery of a South African sister group within 
Aloe has biogeographical consequences. An early diverging Aloe lineage with a South 
African distribution and supports a South African origin for this widespread and diverse 
genus as suggested by Holland (1978). The rDNA phylogeny of Adams et al. (2000) also 
recovered (with moderate to weak support) a phylogeny where the early diverging genera 
were endemic to South Africa further supporting the South African origin of Aloe (Holland, 
1978). 
Morphologically the variation within Aloe may be equal to that encompassed by the 
entire subfamily (Reynolds, 1969; Rowley, 1967a). Variation within Aloe has been the 
driving force in the splitting off of segregate genera (Smith et al., 1995). Four of out of the 
eight Aloe species surveyed in this analysis had been previously recognized as species in 
segregate genera: Aloe albiflora = Guillauminia albiflora, Aloe bowiea = Chamaealoe 
africana, Aloe parvula = Lemeea parvula, and Aloe peyrierasii = Lomatophyllum peyrierasii. 
Our recovery of a strongly supported monophyletic Aloe encompassing so much taxonomic 
diversity supports the recognition of a broadly circumscribed Aloe. A tempering observation 
of this hypothesis maybe the lack of total Aloe variation sampled in our analysis. Only eight 
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species representing two sections of Aloe were sampled suggesting a need for further testing 
of Aloe monophyly involving a larger representative sample of the genus. 
One of the more striking results of the phylogenetic analyses of Alooideae was the 
strongly supported monophyly of the "Astroloba" Glade. Congruent with the separate ndhF 
and t~nL-F analyses, the combined parsimony analysis recovered a strongly monophyletic H. 
subg. Robustipeduncula~es although the position of H. subg. Robustipeduncular~es within the 
"Astroloba" Glade was unresolved. Only the Bayesian analysis resolved the position of H. 
subg. Robustipedunculares as the moderately supported sister group to the remaining 
"Astroloba" Glade. Furthermore, the Bayesian analysis resolved Poellnitzia as the weakly 
supported sister to an Astroloba co~~ugata/Astroloba herr~ei Glade. 
The last multigeneric Glade resolved in the combined analyses was the strongly 
supported "higher Alooideae" Glade consisting of the members of H. subg. Hexangulares and 
Gasteria. The "higher Alooideae" Glade was strongly supported by ndhF analysis but 
entirely absent from the trnL-F analysis. Similar to the ndhF analysis, little resolution was 
seen with regard to interspecific relationships among the H. subg. Hexangulares taxa in the 
combined analyses. In both combined analyses and the ndhF analysis three strongly 
supported monophyletic species associations were resolved: H. venosa plus H. viscosa, H. 
attenuata plus H. scabs, and H. longiana as sister to H. nigra plus H. reinwardtii. 
Interestingly, the ndhF, combined parsimony, and Bayesian analyses all supported a different 
H. subg. Hexangulares species association as sister to Gasteria. The H. subg. Hexangulares 
sister group to Gasteria was weakly supported by ndhF as the H. longianalH. nigralH. 
reinwardtii Glade, moderately supported by Bayesian analysis as the H. attenuata/H. scabs 
Glade, and as unresolved in the combined parsimony analysis. 
Within the "higher Alooideae" Gasteria was strongly supported as having a single 
origin in both of the combined analyses. Furthermore, the sister relationship of G. glomerata 
to the remaining Gasteria taxa suggested by the ndhF analysis was moderately and weakly 
supported by the combined Bayesian and parsimony analyses respectively. Beyond that, 
both combined analyses were equivocal in support for any particular infrageneric 
evolutionary relationships of Gasteria. Until either additional H. subg. Hexangulares and 
Gasteria taxa are added or additional sequence data for the taxa currently in the analysis are 
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accumulated, the phylogenetic relationships among and within H. subg. Hexangulares and 
Gasteria will remain problematic. 
Taxonomic implications and character evolution The results of the ndhF, and both 
combined analyses strongly supported the polyphyly of Haworthia. Three disparate 
Haworthia lineages roughly corresponding to Bayer's (1971) subgenera were recovered: a 
monophyletic H. subg. Haworthia, a monophyletic H. subg. Robustipedunculares plus 
Astroloba and Poellnitzia (the "Astroloba" Glade), and a polytomy including H. subg. 
Hexangulares and Gasteria (the "higher Alooideae" Glade). Even with the recognition of H. 
sect. Quinque, fa~iae (Parr, 1971) or the recognition of H. subg. Oligonodes, Haworthia 
remains polyphyletic. Furthermore, to make H. subg. Oligonodes monophyletic the 
circumscription would have to be expanded to encompass Gasteria. 
Two options remain for circumscribing Haworthia as monophyletic. One is to 
synonymize the entire Alooideae with Haworthia. Under this scenario the strongly 
supported Glades within Alooideae would be recognized at a subgeneric. Although possible, 
this option may not be realistic given the amount of variation within the subfamily and the 
priority of the name Aloe. The alternative would be to reduce the circumscription of 
Haworthia to only include the members of H. subg. Haworthia (the subgenus containing the 
type for the genus). Haworthia sensu stricto would then be a monophyletic lineage sister to 
the remaining Alooideae. 
H. subg. Hexangulares and H. subg. Robustipedunculares would then have to be sunk 
into separate Alooideae genera. Based on our results, H. subg. Robustipedunculares would 
most likely be subsumed within a genus from the "Astroloba" Glade. Astroloba and H. subg. 
Robustipedunculares appear to share a morphological synapomorphy in the possession of 
regular (or at least not bilabiate) perianths. Moreover, both taxa possess non-stipitate 
perianth/pedicel attachment and straight styles. By virtue of the floral similarity a number of 
authors (Parr, 1971; Obermeyer, 1973; Hayashi, 1999, 2002) have supported a movement to 
subsume Astroloba back into the genus Haworthia. Parr (1971) erected a new section within 
Haworthia, section Quinquefariae Parr, to include within Haworthia all members of 
Astroloba and the monotypic Poellnitzia (although no serious justification was given for the 
inclusion of the latter taxon in H. sect. Quinquefariae). Interestingly, Poellnitzia also 
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displays regular perianth symmetry but of a different form from Astroloba and H. subg. 
Robustipedunculares (the tips of the tepals are conivent in Poellnitzia as opposed to 
spreading in Astroloba and H. subg. Robustipedunculares). Furthermore, Poellnitzia has a 
red perianth (as opposed to white in Astroloba and H. subg. Robustipedunculares, Manning 
and Smith, 2000). Vegetatively, Astroloba and H. subg. Robustipedunculares differ 
markedly with the former exhibiting a strongly caulescent habit with rigid and pungent 
leaves arranged in rows of five (Parr, 1971), and the later acaulescent with leaves arranged in 
a rosette (Bayer, 1999). Poellnitzia and Astroloba, conversely, share the same caulescent 
habit but differ with respect to floral morphology (Manning and Smith, 2000). 
The taxonomic implications of a transfer of H. subg. Robustipedunculares would be 
contingent upon the generic status of Poellnitzia. Three basic options would exist:.
1. H. subg. Robustipedunculares could be subsumed in Astroloba with Poellnitzia 
maintained as a monotypic genus. This would give rise to an "Astroloba" Glade composed of 
two genera with Astroloba most likely being paraphyletic. 
2. H. subg. Robustipedunculares could be subsumed in Astroloba and the 
synonymization of Poellnitzia into Astroloba (Manning and Smith, 2000) unrecognized. 
However, if a paraphyletic Astroloba was to be avoided then the entire Glade would become 
Poellnitzia based on the fact that it holds priority over Astroloba at the generic rank (Smith, 
1994). 
3. H. subg. Robustipedunculares could be subsumed in Astroloba and the 
synonymization of Poellnitzia into Astroloba (Manning and Smith, 2000) recognized. This 
option makes the "Astroloba" Glade monogeneric and probably represents the most practical 
option. 
Tracking the evolution of the "Astroloba" Glade maybe further complicated by 
hybridization that occurs both between Astroloba and H. subg. Robustipedunculares (Meyer 
and Smith, 2001) and within H. subg. Robustipedunculares (Bayer, 1999). XAstroworthia 
bicarinata (Haw.) G. D. Rowley is a naturally occurring hybrid between Astroloba corrugata 
and Haworthia maxima (Haw.) Duval (Meyer and Smith, 2001). Furthermore, Bayer (1999) 
suggests that H. maxima and XAstroworthia bicarinata will introgress further in the field. 
Hybridization between all of the H. subg. Robustipedunculares species (except Haworthia 
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kingiana Poelln.) also occurs naturally with only the interspecific cross H. maxima X H. 
minima not taking place. The implications of this hybridization for phylogeny reconstruction 
within the "Astroloba" Glade will likely remain unknown until a marker from the nuclear 
genome can be investigated and the phylogenetic hypotheses compared. 
The taxonomic affinity of H. subg. Hexangulares was fairly ambiguous. Although 
not supported by our cpDNA analyses the monophyly of H. subg. Hexangulares can not be 
explicitly excluded. If H. subg. Hexangulares was recovered as monophyletic then a new 
genus encompassing H. subg. Haworthia could be described. Alternatively, if the 
phylogenetic pattern elucidated here was further substantiated and the recognition of 
monophyletic genera was paramount, the remaining option would be to recognize the "higher 
Alooideae" as a genus and synonymize the taxa from H. subg. Hexangulares with Gasteria. 
Morphologically, this would reduce the unique gasteriform perianth of Gasteria to a 
subgeneric synapomorphy and dramatically increase the overall diversity of the genus. 
A further implication of the polyphyly of Haworthia is the homology of the bilabiate 
perianth within Alooideae. The taxa reported as possessing a bilabiate perianth (H. subg. 
Haworthia, H. subg. Hexangulares, and Chortolirion) occurred in disparate positions in our 
cpDNA phylogeny. Between the two bilabiate Haworthia subgenera a distinction can be 
made based on the cross-sectional shape of the perianth base (H. subg. Haworthia possess a 
triangular base and H. subg. Hexangulares possess a hexangular or rounded-hexangular base 
[Bayer, 1971]). It is possible that this distinction may reflect convergence of the two taxa on 
a similar condition. Furthermore, Bayer (1971) recognized differences between the style and 
perianth tube shapes between H. subg. Haworthia and H. subg. Hexangulares suggesting the 
possibility of convergent evolution. 
The bilabiate perianth of Chortolirion is described as having triangular cross-
sectional base (Hayashi, 1999) and a straight style (Smith, 1995). These conditions appear to 
be mutually exclusive with regard to the delimitation of the Haworthia subgenera (Bayer, 
1971). This may suggest a third derivation of a bilabiate perianth. Two species of Aloe 
(Aloe albida (Stapf.) Reynolds and Aloe myriacantha (Haw.) Schult.f. & J. H. Schult.bis.) 
also possess trigonous, bilabiate perianths (Reynolds, 1969). Moreover, Aloe albida and 
Aloe myriacantha are both members of Aloe sect. Graminialoe Reynolds (Reynolds, 1969) 
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imparting vegetative characters similar to the graminoid morphology of Chortolirion (Smith, 
1995). Although the bilabiate aloes were not included in this investigation, vegetative and 
floral morphology suggest a potenrial phylogenetic affinity. 
The circumscription of Aloe would remain relatively unchanged based on our 
molecular phylogenetic analysis. The only potential change would be the synonymization of 
Chortolirion with Aloe. The strongly supported evolutionary relationship between 
Chortolirion and Aloe recovered in our analyses of cpDNA had never been suggested even 
though bilabiate (Aloe albida and Aloe myriacantha) and bulbous (Aloe bulbicaulis Christian, 
Aloe buettneri A. Berger, Aloe kniphofioides Baker, and Aloe modesta Reynolds) species of 
Aloe were known (Newton, 2001). Instead, Chortolirion has been hypothesized to be closely 
related to Haworthia (Obermeyer, 1973; Hayashi, 1999, 2002) and was originally described 
as a species of Haworthia (Baker, 1878). Indeed, Hayashi (2002) included Chortolirion as a 
species of Haworthia in H. subg. Longifolia. 
Given the tremendous amount of variation found within Aloe, an alternative 
circumscription that embraces the idea of large and morphologically diverse genera could be 
the expansion of Aloe to include all of the Alooideae. Realistically, this option maybe more 
practical than initially presumed. Our molecular analysis suggests the putative generic 
apomorphies (i.e., those for Astroloba, Chortolirion, and Haworthia) may be homoplasious 
and therefore poor distinguishing generic characters. 
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Figure Legends 
Fig. 1 Bootstrap consensus tree for the ndhF parsimony analysis. Numbers above the 
branches refer to bootstrap support values. Haworthia subgeneric delineations follow Bayer 
(1999) and sectional delineations follow Breuer (1998). 
Fig. 2. Bootstrap consensus tree for the trnL-F parsimony analysis. Numbers above the 
branches refer to bootstrap support values. Black hash marks correspond to the presence of a 
large (300 bp) deletion in the trnL-FIGS. Haworthia subgeneric delineations follow Bayer 
(1999). 
Fig. 3 Bootstrap consensus tree for the combined cpDNA (ndhF and trnL-F~ parsimony 
analysis. Numbers above the branches refer to bootstrap support values. Black hash marks 
correspond to the presence of a large (300 bp) deletion in the trnL-FIGS. Haworthia 
subgeneric delineations follow Bayer (1999) and sectional delineations follow Breuer (1998). 
Fig. 4. Bayesian 50% majority rule tree from analysis of the combined cpDNA (ndhF and 
trnL-F~. Numbers above branches refer to posterior probability values. Black hash marks 
correspond to the presence of a large 0300 bp) deletion in the trnL-FIGS. Haworthia 
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100  Astroloba corrugata 
 Astroloba herrei 
 Poellnitzia rubriflora 







99  Aloe soutpansbergensis 
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100  Bulbine haworthioides 
 Bulbine wiesei 
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CHAPTER 3. GENERAL CONCLUSIONS 
General discussion 
Although the Alooideae have interested both professional and amateur botanists for 
over 150 years (Link, 1829), little advancement towards the clarification of evolutionary 
relationships of this group of succulent monocots has been made. The goal of this thesis was 
to fill the gap in the current knowledge of Alooideae phylogenetics by elucidating the inter-
and infrageneric evolutionary patterns utilizing the cpDNA sequence markers ndhF and trnL-
F in phylogenetic analyses under both parsimony and Bayesian phylogenetic reconstruction 
methods. Forty-seven taxa (43 ingroup and four outgroup taxa) were sampled representing 
all genera and most subgeneric taxonomic groups. 
Although variation did exist between the phylogenetic hypotheses produced in the 
different analyses, some general patterns were recovered. The most obvious was the strongly 
supported polyphyly of Haworthia. The genus was found to be divided into three groups 
roughly corresponding to the subgenera proposed by Bayer (1971): H. subg. Haworthia. H. 
subg. Robustipedunculares, and H. subg. Hexangulares. The type subgenus was resolved as 
an early diverging monophyletic lineage sister to the remaining Alooideae, a relationship that 
had not been previously suggested. H. subg. Robustipedunculares was found to be 
monophyletic and a member of a larger Glade containing the genera Astroloba and 
Poellnitzia. The phylogenetic position of H. subg. Hexangulares (although less robustly 
supported) indicated that the subgenus was more closely related to the genus Gasteria than to 
the other Haworthia subgenera. 
Evolutionary patterns among the other Alooideae genera were both expected and 
unexpected. Somewhat surprisingly, given the tremendous variation within the genus 
(Reynolds, 1966, 1969), Aloe was strongly supported as monophyletic but only with the 
inclusion of the monotypic Chortolirion. This result was entirely novel as Chortolirion had 
long since been hypothesized as closely related to Haworthia, the genus within which 
Chortolirion was originally described (Berger, 1908). As expected based on the presence of 
the unique perianth, Gasteria was resolved as a strongly supported monophyletic group. 
The results of this molecular phylogenetic analysis have implications for both the 
evaluation of structural character evolution and the taxonomy of Alooideae. The evidence 
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supported the convergent evolution of a bilabiate perianth between H. subg. Haworthia, H. 
subg. Hexangulares, and Chortolirion. Taxonomically, the results suggested major 
alterations in generic circumscription are needed if monophyletic genera are to be 
recognized. 
Most important, the results of this investigation suggest the need for further research 
within Alooideae. An immediate need is the phylogenetic analysis utilizing a marker (or 
markers) from the nuclear genome. As hybridization and polyploidization do occur in the 
Alooideae (Riley and Majumdar, 1979), the phylogenetic hypothesis based on cpDNA 
should be compared to that of the nucleus to verify the organismal evolutionary relationships 
within the subfamily. Only then should the appropriate generic alterations suggested by the 
cpDNA analysis be implemented. 
Note: As this thesis was going to press, Treutlein et al. (2003) published a molecular 
phylogenetic investigation of Alooideae. Many of the same evolutionary patterns recovered 
by Treutlein et al. (2003) were also recovered in this investigation. Both studies recovered a 
strongly supported monophyletic H. subg. Haworthia, and "Astroloba" Glade (although a 
single Aloe species was found nested in the latter Glade in Treutlein et al., [2003]). The 
"higher Alooideae" was moderately supported and Chortolirion was strongly nested within 
an Aloe Glade based on the analysis of Treutleine et al. (2003). 
The major discrepancy between this thesis and Treutleine et al. (2003) was the 
phylogenetic distribution of Aloe. The latter study had a large sampling (numerically and 
taxonomically) of the genus and recovered some Aloe Glades absent from this work. Aloe 
was found to be polyphyletic by Treutlein et al. (2003). The weakly supported sister to the 
remaining Alooideae in Treutlein et al. (2003) were a group of arborescent aloes (aloes 
exhibiting anomalous secondary growth). Treutlein et al. (2003) also recovered Aloe ciliaris 
as the weakly supported sister species to an "Astroloba"/"higher Alooideae" Glade. 
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